We present an investigation of the scale dependence of hydraulic 3 parameters in fractured media based on the concept of transfer functions (TF).
Introduction
Fractured aquifer systems have been receiving increasing attention in the recent years 25 due to their strategic importance for drinking water supply and as a resource for agri- including characterization methods and modeling solutions for fractured media can be 31 found for instance in Berkowitz [2002] .
32
Hydraulic parameters, such as aquifer transmissivity (T ) and storativity (S), are com- 
41
From the initial formulations of TF methods [Gelhar, 1974] , several alternative models 
145
The majority of the boreholes existing in the area were used as single-level piezometers 
Fracture index
As discussed for instance by Jimenez-Martinez et al. [2013] , the degree of fracturing of an aquifer can condition the flow patterns and eventually propagate to the estimated parameters. The quality and the integrity of the rock removed from the borehole can be described by the Rock Quality Designation (RQD) Index, which measure the degree of fracturing of the core. RQD is defined from the proportion of the core with intact length larger than 0.1 m [Deere, 1963; Priest and Hudson, 1976] . To calculate this index, intact lengths from drilling boxes are summed up and expressed as a percentage of the total borehole length (B L ), as
where z i is the length of the i-th rock fragment exceeding 0.1 m and n is the number of 163 samples ≥0.1 m. The larger the RQD, the more intact (i.e., less fractured) the borehole 164 log. Thus, RQD=100% indicates an intact core (no significant fracturing observed). On 165 the other limit, an RQD=0 indicates the core is fully fractured into small pieces.
166
The vertical distribution of RQD in the aquifer was available from a few stratigraphic 167 logs of boreholes reported during drilling operations. Some of these boreholes were also 168 used later for hydraulic testing, allowing for performing a comparison between local degree of fracturing degree and estimated model parameters at different scales (those represen-tative of the tests).
171
We analyzed the original stratigraphic logs of 76 boreholes (distributed all throughout 172 the site), for a total length of approximately 4000 m of borehole scanlines. In each 173 log, RQD was graphically reported alongside the corresponding stratigraphic column.
174
An example is displayed in Fig. 2a , showing three representative stratigraphic columns about the quality and limitation of the available information obtained from our dataset.
184
The first borehole log analyzed (bh1) is shorter than the other two, and explores only 185 the upper part of Fm C. Despite the presence of an upper recent alluvial material, the 186 RQD reported was constant for the entire column, roughly corresponding to RQD=40%.
187
The second point (bh2) spans 40-50m and is characterized by an initial low RQD zone
188
(associated with alluvial deposits), followed by a region with RQD=75% and a subsequent 189 region with RQD=100%, again followed by a final zone with RQD=75%. From the ge-
190
ological sketch, the area of RQD=100% roughly corresponds to fm Q, while the portion
191
with values of 75% are mostly associated to Fm C. In point bh3, the borehole still crosses multiple geological formations; however, RQD seems almost homogeneously distributed along the depth, with an average of 55%-60% independent of the specific formation. by a sequence of high and low fracturing zones. The importance of this aspect will be 199 clarified later, during the analysis of the estimated hydraulic parameters.
200
The statistical distribution of RQD from all 76 analyzed boreholes is reported in Fig. 2b ,
201
in the form of frequency histograms (left) and cumulative density functions (cdfs) (right). the one used to construct the histogram corresponding to the RQD index (Fig. 2b ).
253
Two long-term pumping tests were performed in the early 1990s [e.g., BRGM, 1990] .
254
The first one was made around pumping well S33. The drawdown curves from nine 255 observation boreholes located nearby were interpreted for estimated T and S using the 256 code MARIAJ [Carbonell and Carrera, 1992] , which is based on a single-porosity solution.
257
The original reports indicated that S33 was all drilled in Fm C, mainly composed by were monitored and used to estimate T and S using the same methodology as for the 264 previous test. Boreholes were drilled in three different formations (Fms C, Q, QFg).
265
Several short-term pumping tests were also performed in other boreholes located all 266 throughout the site. A similar single-porosity modeling approach was used for the in-267 terpretation, although no specific details regarding the geological formations explored by 268 these tests were available. In total, the number of estimated parameters from short-term
269
and long-term pumping tests was 42 estimates of T and 30 estimates of S. These results
270
are plotted in Fig. 3 in the form of cumulative frequencies.
271
Comparing estimated values from slug and pumping tests in Estimated T and S values reveal that the aquifer is not only highly heterogeneous, but 282 also characterized by a different effective pressure status depending on the test locations.
283
The pressure status depends directly on the number of confined/unconfined units and
284
potentially by the fracture intensity from the boreholes where these tests were performed. 
291
The statistical difference in RQD between both populations may contribute to explain 292 the differences observed in Fig. 3 
Parameter Estimation using Transfer-Function-Based Methods
The transfer function is generally conveniently defined in frequency domain as the ration 
where S is the storage coefficient
is the aquifer recharge rate per unit surface [m/d], which is assumed to be homogeneous.
318
For the initial condition (h 0 = 0) and a Dirichlet BC at the outfall, the TF reads as 
where i = √ −1 is the imaginary unit and τ = L 2 S/T is the aquifer response time [d] . given by the mean diffusion time from the observation point to the discharge point, such 
Dual Continuum Non-local Dupuit Model (DC)
The second model considered is the dual-continuum (DC) non-local TF model devel- for tracer tests at the El Cabril site.
344
In the dual continuum approach, the aquifer is conceptually represented by two zones 
where F im is a source/sink term defined as
where g(t) is the memory function defined below. For Dirichlet boundary conditions at 
where S m and S im are the storage coefficients of the mobile and immobile zones, respec- 
where τ im is the relaxation time of the immobile zone.
359
The DC model is defined in terms of four parameters (transmissivity and storage coefficient of the mobile continuum, the storage coefficient and the relaxation time of the immobile continuum). Note that the formulations for the local and non-local DM are very similar; actually, (7) tends to (4) as S im g(ω) → 0, which occurs when equilibrium is reached, this means for ω τ −1 im . To observe an impact of the immobile zone on the aquifer dynamics, the two relaxation time scales τ m and τ im must be clearly separated.
This can be measured by the dimensionless 'activation number' A C defined as
If the activation number is A c < 1 the system 'notices' an impact of the immobile zone.
360
The smaller A c , the larger the relevance of the non-local effects on the shape of TFs. 
368
TF EXP is calculated as the ratio between the power-spectral density of spatially variable observed head fluctuations (P SD h ) and the power spectral density of the aquifer recharge (P SD r ), as
No specific recharge analysis has been performed on this site, thus we take it homoge-369 neously distributed in the domain, which is a reasonable approximation for small basin.
370
To account for the high evaporation rates existing in the site (located in southern Spain),
371
recharge is estimated as half the total precipitation. Hourly rainfall time series were 372 collected at a meteorological station located in the basin. Runoff is assumed negligible. • 34 boreholes are located at x L < 100m,
385
• 76 boreholes are located at x L < 200m,
386
• 116 boreholes are located at x L < 500m.
387
As a working assumption, the catchment width is assumed to be constant for all bore-
388
holes and equal to L = 1000 m (similar to maximum size of the three subcatchments). We 389 performed a sensitivity analysis using a specific L for each borehole, based on the size of 
412
The two TF models displayed in Fig. 4 fit the dataset and help identifying the critical and DC models). We highlight that the scaling of this point is found at very similar 417 frequencies for both DC and DM, suggesting that the scaling of T, S and T m , S m may also 418 be similar.
419
Both models tend to scale as T F = ω −2 at higher frequencies, although DC seems to We compare the estimates of T and S obtained with the TF of single-porosity DM for 457 different x L and the ones obtained from slug and pumping tests. fractures is sampled and the resulting average T is low; when x L is large, the scale of the observation increases, the number of high-permeable zones increases and the average of 473 the estimated T values grows.
474
Note that, as the scale of observation increases, the relative variability of T also in- 
482
For small support scales, the relative variability of T from slug-tests is much larger than 483 that from TFs. This is explained considering that slug tests provide a local estimation of T ,
484
which depends on the specific area of influence where the stress is locally applied. It is also departs from the discharge point.
507
We observed no significant changes in the distribution of T between x L < 500m and that do not need to be characterized using expensive hydraulic tests. Note that hydraulic heads could be monitored over time using automatic data loggers, and thus be virtually costs-free (excluding initial capital costs and maintenance operations).
519
We may conclude that a critical analysis of the distribution of geological features in 
Comparison Between Single Porosity and Dual-Continuum Formulations
We now compare the parameters estimated using the single domain DM against those 
534
Regarding the transmissivity, we found a difference in the cdfs for x L < 100 m depend-535 ing on the adopted formulation. As the sampling scale increases, the difference in cdfs is 536 minimized. This result seems consistent with the potentially strong control of fractures, 537 connectivity and heterogeneity on the flow dynamics at short distances between observa-538 tion and discharge point. The resulting 'anomalous behavior' of aquifer properties (which can be effectively upscaled using non-local models, such as the dual continuum formula- 
553
The larger scale dependence of the storativity in the dual domain is due to the storage what is discussed in the previous section for single domain models, the effective unsatu-561 rated behavior of the system may be controlled by the number of fractures that generate communication between confined and unconfined units. This number grows with the scale 563 of the observations. At short observation distances, the impact of vertical fractures is less 564 evident, explaining why the system is less sensitive to short-term recharge pulses.
565
We highlight, however, that at short observation distances the influence of both regional 566 recharge components and short-term local components may also somewhat overlap, re-567 sulting in a mixed behavior on the TF which cannot be well fitted by non-local models.
568
While the sensitivity analysis seems to suggest that the impact of higher sampling fre- sampling volume.
607
• The closest wells to the discharge point give results from the transmissivity distribu-608 tion that are comparable in mean and variance to the ones obtained from pumping tests 609 because they consider similar support scales.
610
• The head data integrate heterogeneities both horizontally and vertically and have a 611 larger support volume than the slug tests, which give the smallest transmissivity estimates.
612
At increasing distance from the outfall, the TF support scales increase. Consequently,
613
both the mean and variability of the estimated transmissivity values increase.
614
• This scale effect in transmissivity is due to the non-stationary (maybe fractal) nature 615 of fracture length distributions, which implies that the probability to meet large connected 
619
• For the storage capacity, the scale effect is almost negligible, which indicates that 620 storage is due to vertical connectivity and short horizontal structures as implied by the 621 structural properties of the fractured aquifer.
622
We then tested the dual-porosity nature of the fractured aquifer by comparing estimates 623 from the single and dual-continuum aquifer models. We found that:
624
• The estimates for single-porosity transmissivity and mobile-domain transmissivity 
